In a series of Mg x (Al 2 Ca) 100-x (76 £ x £ 87) ternary alloys near the Mg-(Mg,Al) 2 Ca pseudo-binary eutectic point, different phases and morphologies based on ultrafine eutectic microstructure have been obtained by controlling the composition and changing the cooling rate via either induction melting or copper mold casting. For 81 £ x £ 87, the chill-cast alloys with ductile Mg dendrites embedded in an ultrafine [Mg + (Mg,Al) 2 Ca] eutectic matrix exhibit gradually increased fracture strength from 415 to 491 MPa with the decrease of Mg content. At x = 79, the Mg 79 Al 14 Ca 7 alloy contains hard (Mg,Al) 2 Ca precipitates coexisting with ductile Mg dendrite, dispersed in the strong eutectic matrix. This alloy exhibits the highest compressive fracture strength (600 MPa), and the specific strength reaches 3.4 · 10 5 NAEmAEkg -1
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. The alloys all exhibit substantial plastic strain (5 to 6 pct). The attainment of such a combination of strength and plasticity is an interesting and useful step in improving the mechanical properties of lightweight Mg alloys. and more attractive as structural materials due to their light weight, low cost, and recyclability. However, their strength is often inadequate for many engineering applications. Among the currently developed Mg alloy families, Mg-Al-Ca-based alloys exhibit advantages in several aspects such as high creep resistance and super light weight due to the very low densities of the constituent elements (q Mg = 1.74 g/cm 3 , q Al = 2.70 g/cm 3 , and q Ca = 1.54 g/cm 3 ). In addition, the Ca element in the alloys serves to protect the melt surface from fast oxidation, resulting in less slag formation, during processing. However, the yield strength of the Mg-Al-Ca alloys remains at a low level around 160 to 250 MPa at ambient temperature below 450 K. [1] A dramatic strength enhancement has not been possible, based on the conventional strengthening approaches such as grain refinement, solid solution, and precipitation. It is therefore important to develop novel microstructures using new alloy design methods or fabrication techniques to improve their mechanical properties. [2, 3] As is well known, the fracture strength of amorphous alloys, without dislocations and grain boundaries in their structure, can be much higher than that of the crystalline counterpart. A number of new Mg alloys with high glass-forming ability have been discovered. The critical size of the glass formation is no longer a bottleneck for the application of such bulk metallic glasses (BMGs). [4] [5] [6] [7] For the Mg-Cu-RE (RE = rare earth) BMGs fabricated using copper mold casting, the fracture strength of around 1188 MPa can be reached under compressive loading, [8] which is at least a factor of 3 higher than conventional polycrystalline Mg alloys. Unfortunately, plastic deformation in a uniformly glassy structure is concentrated into highly localized shear bands, leading to catastrophic failure and very limited plastic deformability. Such brittleness for Mg-based BMGs is attributed to their intrinsically low Poisson's ratio (m~0.31). [8] [9] [10] On the other hand, an alternative route to good strength and plasticity has been demonstrated in recent years, via the formation of in-situ composites consisting of nanocrystalline eutectic matrix and ductile dendrites in several multicomponent alloy systems. Such an approach in Ti-based alloys, for example, led to high fracture strength of 2400 MPa together with the plastic strain up to 14.5 pct. [11, 12] It was suggested that deformation occurred partially through dislocation movement in micrometer-sized dendrites and partially through a shear banding mechanism in the nanostructured matrix. The ductile dendrites separate and restrict the propagation of the highly localized shear bands in small interdendritic regions and contribute significantly to the plasticity and work hardening behavior. Adopting this cost-effective route for the Mg alloys, in-situ composites composed of ductile Mg dendrites [13] or 14-H type long-period stacking Mg phase [14] embedded in the ultrafine eutectic matrix have been developed to improve the combination of strength and ductility.
Currently, the phase diagram of the Mg-Al-Ca ternary system has not yet been well established. [15] [16] [17] [18] [19] [20] Nevertheless, it was suggested that there exists a pseudobinary eutectic reaction between Mg and binary Al 2 Ca intermetallics. [17, 20] It provides a clue that it is promising to develop new alloys with a composite-like microstructure of primary ductile Mg phase in the refined eutectic matrix. Such a microstructure is expected to have an optimal combination of the high strength and accessible plasticity.
In the present work, a series of Mg x (Al 2 Ca) 100-x (76 £ x £ 87) ternary alloys along the Mg-Al 2 Ca composition tie-line was selected. Composition-dependent microstructural evolution for these alloys was investigated, including the as-melted master ingots and chillcast rods processed via the cost-effective copper mold casting route. An appropriate adjustment of the alloy composition can lead to a unique composite microstructure containing ductile dendrites and hard particles dispersed in the strong eutectic matrix. This is different from the microstructures developed in previous studies, [11] [12] [13] [14] where a single reinforcement phase was dispersed in the strong matrix. Such composites provide an increased strength without adversely affecting the plasticity. In order to gain a better understanding of the deformation and toughening mechanisms, the details of the microstructure are analyzed and correlated with the mechanical behavior.
II. EXPERIMENTAL
Mixtures of Mg (99.95 pct purity) and Al (99.999 pct purity) pieces and Ca filaments (99.99 pct purity) were used as starting materials. Master ingots of various desired compositions (all in atomic percentage) were induction melted in a graphite crucible under a purified argon atmosphere. Subsequently, the ingots were remelted in a graphite tube using induction melting and injected into the water-cooled copper mold to obtain the chill-cast rods of 4 mm in diameter and 50 mm in length. A scanning electron microscope (SEM) (Quanta 600, Oxford, UK, FEI) was used to observe the morphology. The local compositions in the microstructure were determined using the energy-dispersive X-ray spectrometer (EDS) attached to the SEM. X-ray diffraction (XRD) patterns were obtained from the cross sections of the rods with a Rigaku D/max 2400 diffractometer (Tokyo) with monochromated Cu K a radiation. The melting and solidification behaviors of the alloys were investigated using a Perkin-Elmer differential scanning calorimeter (DSC-7, Shelton, CT) under flowing purified argon. The samples were contained in graphite pans. A heating rate of 5 K/min was employed. The microstructures were also observed using a JEM-2000FXII (Tokyo, Japan) transmission electron microscope (TEM). The TEM samples were mechanically polished and dimpled, and then ion milled to electron transparency. Uniaxial compression tests at room temperature (MTS 810, MN) were conducted using a constant strain rate of 1 · 10 -4 s -1 . The specimens for compression were cylindrical, 8 mm in height and 4 mm in diameter. At least five samples were tested for each composition. Polished rectangular samples with a 2 · 2 mm 2 cross section and 4 mm in height were also used for crack initiation observation. The engineering strain was determined from the platen displacement after corrections for machine compliance. The yield strength was determined at 0.2 pct offset plastic strain. Mass densities of the alloys were measured at room temperature employing the Archimedes principle.
III. RESULTS

A. Composition-Dependent Microstructural Evolution
The five alloys investigated in this work are in the Mg-rich corner of the Mg-Al-Ca ternary phase diagram, along the composition tie-line connecting the two phases of Mg and Al 2 Ca intermetallics. The alloy compositions can be expressed as Mg x (Al 2 Ca) 100-x , where x = 87, 83.2, 81, 79, and 76. They are marked as circles in Figure 1 , hereafter denoted as alloys 1 through 5, in the order of decreasing Mg content. Figure 2 (a) displays the DSC traces for the inductionmelted master alloys, showing the melting and solidifying events. The solidus (onset temperature of the melting, T m ) and liquidus temperatures (end temperature of the melting, T L ) observed in the DSC curves are listed in Table I and are plotted in Figure 2 (b). The T m increases from 799 K for alloy 1(Mg87) to 807 K for alloy 4(Mg79) with the decrease of Mg content, and further decreasing of Mg content decreases the T m to 805 K for alloy 5(Mg76). The T L decreases from 853 K for alloy 1(Mg87) to 821 K for alloys 3(Mg81) and 4(Mg79). Subsequently, with the decrease of Mg content, the T L increases to 846 K for alloy 5(Mg76). Thus, there is a temperature valley near alloys 3(Mg81) and 4(Mg79), which is similar to the suggestions of Suzuki et al. [15] In their work, it was indicated that a eutectic point associated with the reaction of [L fi Mg + C36-(Mg,Al) 2 Ca] is located at Mg 81.6 Al 13.7 Ca 4.7 . This composition is marked by the triangle in Figure 1 , which is very close to the current alloy 3(Mg81). However, Portnoi et al. [17, 20] suggested that Mg 79 (Al 2 Ca) 21 (alloy 4, marked as a solid circle in Figure 1 ) was the pseudobinary eutectic composition related to the reaction of (L fi Mg + C15-Al 2 Ca) on the Mg-Al 2 Ca vertical section. Because the C15-Al 2 Ca binary and C36-(Mg,Al) 2 Ca ternary compounds have similar crystal structures, [21, 22] both of them being Laves phases, an unambiguous phase identification is difficult by the XRD analysis in most cases. In the following, detailed characterization was performed to better identify the phase selection in the solidified microstructures. 2 Ca phase, 21 ± 3 lm in length and 11 ± 3 lm in width, is surrounded by dark Mg dendrites such as the corona. Embedded in eutectic matrix, such corona-like (or peritectic type) morphology is often observed in the solidified microstructure of alloy systems where the two phases in coupled growth have a large difference in their melting temperatures. The solidification path of such a microstructure has been discussed in Reference 15. Note that it is such a microstructure that correlated with the optimal mechanical properties among the investigated alloys, as discussed subsequently. In the eutectic matrix, occupying the majority of the volume is a coarse irregular lamella eutectic structure composed of bright zigzag silk-shaped C36-(Mg,Al) 2 Ca phase and dark Mg phase. This eutectic structure will be discussed further later. Additionally, another type of finer eutectic structure with the volume fraction of only about 2 pct exists, as marked by a black square in Figure 3(d) . Based on its morphology, [15] as shown in Figure 3 (f) in high-magnification SEM observation, this eutectic structure can be identified to be composed of a bright phase of the C14-Mg 2 Ca and the dark Mg phase. The finding that the C36 (Mg,Al) 2 Ca intermetallics is present in the microstructure is consistent with Suzuki's results. [15] It is noticed that, as shown in Portnoi's work, the C15-Al 2 Ca phase appears only after a sufficiently long aging period, which induced the decomposition of the (Mg,Al) 2 Ca phase. [18] On further decreasing the Mg content down to x = 76, )   1  87  799  853  220  415  6.1  2  83.2  806  826  277  480  6  3  81  804  821  313  491  5.4  4  79  807  821  363  600  5  5  76  805  846  260  500  6 the volume fraction of the primary (Mg,Al) 2 Ca phase increased. In order to refine the eutectic structure of the alloys for improved mechanical properties, the master alloys were then processed by the chill casting method to increase the bulk undercooling (growth velocity) during solidification. Figures 4(a) through (e) are the backscattered SEM images of the 4-mm chill-cast rods for alloys 1 through 5. Upon cooling from the melt, the Mg-based solution phase solidified as dendrites in alloys 1 through 3. The remaining liquid subsequently solidified into a coupled eutectic matrix. This results in an in-situ composite microstructure. With the decrease of Mg content, the volume fraction of the primary Mg dendrites was rapidly reduced from 65 pct for alloy 1(Mg87) to 30 pct for alloy 3(Mg81). The spacing of the secondary dendrite arms for alloy 1(Mg87) is about 3 lm for the chill-cast alloy, as shown in Figure 4 (a), much smaller than the 15 lm for the as-melted alloy ingots (Figure 3(a) ). This change approximately follows the relationship of k = Be -m , where k is the spacing of secondary dendrite arms, B and the exponent m (0.31 to 0.55) are composition-dependent parameters, and e is the cooling rate. [23] According to this relationship, we can roughly estimate that the cooling rate for these chillcast rods is larger than the master alloy ingots by a factor of 19 to 179 (assuming that the m value varies from 0.31 to 0.55). Furthermore, it is noticed that the primary phase in the chill-cast microstructure changes from the Mg dendrites for alloy 3(Mg81) to the (Mg,Al) 2 Ca intermetallic for alloy 4(Mg79), as shown in Figures 4(c) and (d). In comparison, this switch of the primary phases occurred between alloys 2(Mg83.2) and 3(Mg81) for the as-melted master alloys, for which slower cooling rates are involved. This finding indicates that the composition range to form the microstructure with the Mg as the primary phase is extended with increasing growth velocity. This also indicates that this system has a typical feature of skewed eutectic coupled zone toward the faceted phase with a higher melting temperature. Here, the eutectic reaction involves a faceted (Mg,Al) 2-Ca phase and a nonfaceted Mg phase. For a given growth rate, the eutectic and the faceted phase (such as (Mg,Al) 2 Ca) require a higher undercooling than the case of the eutectic and a nonfaceted dendrite (such as Mg in the current case). [24] As a consequence, the deeper undercooling in chill casting has an effect to suppress the formation of the (Mg,Al) 2 Ca phase.
As shown in Figure 4 (d), the chill-cast alloy 4(Mg79) exhibits ultrafine eutectic microstructure, with bright primary (Mg,Al) 2 Ca phase about 2 lm in length and 1 lm in width surrounded by obviously refined dark Mg dendrites. The dispersed (Mg,Al) 2 Ca particle size is only 1/12 of that in the as-melted alloy, revealing the significant effect of cooling rate on structural refinement. The eutectic matrix is so fine that TEM observation was needed to resolve the detailed microstructure.
As shown in Figure 5 (a), the bright-field TEM image of the chill-cast alloy 4(Mg79) reveals the composite microstructure of bright Mg dendrite (marked by A) and dark hexagonal-plate shaped C36-(Mg,Al) 2 Ca phase (marked by B) embedded in the coupled Mg + (Mg,Al) 2 Ca eutectic matrix. As illustrated in Figure 5 (b), planar faults are occasionally observed in the (Mg,Al) 2 Ca phase in the eutectic colonies, which were observed also in the die-cast Mg-5Al-3Ca (wt pct) (Mg 93.5 Al 4.6 Ca 1.9 , at. pct) alloy. [15] This has been explained to be the occasional disturbance of the XYX¢Z type stacking sequence formed during eutectic transformation. [21] respectively. It is demonstrated that C36-(Mg,Al) 2 Ca is a superlattice structure, whose lattice parameter along the [0001] direction is twice that of the hexagonal Mg 2 Ca structure (c (Mg,Al)2Ca = 1.979 nm, c Mg2Ca = 1.010 nm).
[21] Therefore, we can observe the regular variation of the diffraction spot intensities along the [0002] reflection direction.
The lamella spacing of Mg and (Mg,Al) 2 Ca phases in the irregular eutectic colonies is reduced from about 4 lm for the as-melted master alloy to about 0.5 lm for the chill-cast alloy 4(Mg79). The growth rate of the eutectic colonies can be estimated from the eutectic lamella spacing using a relation of c 2 AER = C/A, where A and C are constants depending on the particular alloy system, c is the eutectic lamellar spacing, and R is the growth rate. [25] Thus, the growth rate of the eutectic microstructure during chill casting is about 64 times larger than that in the as-melting case. This predicted ratio falls inside the limits of 19 to 179 times calculated with the relationship between the cooling rate and the secondary dendrite arm spacing discussed earlier. Under the condition of chill casting, the increased nucleation rate due to the large undercooling, accompanied with shortened diffusion distance due to the limited time for growth, refines the microstructure of the crystalline phases.
Comparing the alloy 4(Mg79) with the alloy 5(Mg76), the volume fraction of the (Mg,Al) 2 Ca dispersed in the ultrafine eutectic matrix increases from 8 to 16 pct with decreasing Mg content, whereas the majority of primary (Mg,Al) 2 Ca particles are surrounded by the Mg dendrites with a fraction of about 17 pct, as shown in Figures 4(d) and (e). Meanwhile, the Mg dendrites in alloys 4 and 5 are significantly refined in contrast to alloys 1 through 3. The microstructure with a dramatic grain refinement, together with the more uniform distribution of subsidiary phases and the less solute segregation, [23] should contribute to the mechanical properties with an optimal combination of the strength and ductility, as discussed subsequently.
B. Compressive Properties of the Chill-Cast Alloys
A series of quasi-static room-temperature compression tests was conducted on chill-cast alloys 1 through 5. Figure 6 (a) shows the typical engineering stress-stain curves. The elastic deformation portion of these curves is calibrated using the elastic modulus of alloy 4(Mg79) (48.48 GPa) measured using an ultrasonic resonance method. The yield strength r 0.2 , fracture strength r f , and plastic strain e p are listed also in Table I . In the course of plastic deformation, significant work hardening is visible in all cases, followed by the final fracture. The yield strength, fracture strength and plastic strain, and volume fraction for primary Mg dendrites and (Mg,Al) 2-Ca dispersions for the chill-cast alloys as a function of the Mg content in the alloys are plotted in Figures 6(b) and (c), respectively. Both r 0.2 and r f , and the strain hardening ability, increase with decreasing Mg dendrite volume fraction for alloys 1(Mg87) through 4(Mg79). At alloy 4(Mg79) with the coexistence of primary (Mg,Al) 2 Ca dispersions and Mg dendrites, the yield , which far exceeds those of conventional Mg alloys. Nevertheless, a reduction of 3 at. pct Mg content, for alloy 5(Mg76) with increased volume fraction of primary (Mg,Al) 2 Ca dispersions, degraded the yield and fracture strength to 260 and 500 MPa, respectively. The plastic strain for all of the alloys remains in the range of 5 to 6 pct, although the fracture strength has a significant variation.
C. Morphology of Fracture Surfaces
Figures 7(a) through (e) are the fracture surfaces for the chill-cast alloys 1 through 5 after the compressive test. For alloy 1(Mg87) in Figure 7 (a), the rough fracture surface with distinct ductile dimples formed under the local tensile stress is caused by the large-sized Mg dendrites with a high volume fraction in the alloy. The vestiges of dendrites can be observed throughout the fracture surface. Fracture surfaces for alloys 2 and 3 show a similar morphology, as seen in Figures 7(b) and (c) , respectively. Nevertheless, the area fraction of the hackly fracture surface associated with the severely deformed Mg dendrites is reduced with the decrease of Mg content. In contrast to the preceding three alloys, the fracture surface of alloy 4(Mg79) exhibits relatively smooth and homogeneous patterns, as shown in Figure 7(d) . A number of visible voids (marked by arrows) originated from the pullout of primary (Mg,Al) 2 Ca particles from the matrix can be found, for which an explanation will be discussed later. Regarding the alloy 5(Mg76) with a lower Mg content, it is indicated in Figure 7 (e) that a higher amount of microvoids appears on the smooth surface compared with alloy 4(Mg79) because of the increased volume fraction of (Mg,Al) 2 Ca particles.
For the alloys 1(Mg87) and 4(Mg79), as the representative for the microstructure with different primary phases, details of the fracture surface are observed with the SEM in high magnification. Figures 8(a) and (b) display the secondary electron and backscattered SEM images for the identical location of the fracture surface of alloy 1(Mg87), respectively. Compared with its as-cast microstructure (Figure 4(a) ), it is revealed that the cracks are initiated and propagated along the interfaces or triple junctions between the primary Mg dendrites and the interdendrite eutectic phases, as circled by the dash lines in the figures.
Figures 8(c) and (d) display the secondary electron and backscattered SEM images of the fracture surface for the alloy 4(Mg79) with the largest volume fraction (75 pct) of the eutectic microstructure. In the area circled by a dash line in Figure 8(c) , it is shown that rectangular-shaped microvoids with the length of 2 lm are present in the smooth surfaces. Figure 8(d) further demonstrates evidence that the residual broken (Mg,Al) 2 Ca particles (bright areas) are leftover inside the microvoids. It indicates that these particles play a role in blocking the failure of the alloy.
IV. DISCUSSION
A. Compositional Dependence of Solidified Microstructures
The eutectic matrices in alloys 1 through 5 are mainly composed of Mg and (Mg,Al) 2 Ca lamella. This is consistent with the isothermal sections (773 to 710 K) of the phase diagram of the Mg-Al-Ca ternary system in Reference 18. Based on this diagram, it can be seen that our alloys 1 through 5 are located in the two-phase field of Mg + (Mg,Al) 2 Ca. Under our experimental conditions, the solidification processes of the alloy melt are still far from the global state of equilibrium. Therefore, it is not surprising that Al 2 Ca phase is not observed in the alloys processed by either induction melting or chill casting.
As shown in Figure 2 (b) of the liquidus and solidus temperatures as a function of Mg content, the T L variation shows a ''U''-shape dependence on the Mg content. A minimum is in the vicinity of 80 pct Mg. In other words, the locus of the lowest T L temperatures exhibits a trend, suggestive of a eutectic valley. However, the T m slightly varies in a range of 804 to 807 K between alloys 2(Mg83.2) and 5(Mg76), rather than remaining at an invariant temperature. From the microstructure observation in the as-melted alloys, it is of interest to note that the primary phases switched from the Mg phase for alloys 2(Mg83.2) through (Mg,Al) 2 Ca for alloy 3(Mg81). These findings indicate that the solidification path of the present alloys is mainly correlated with the pseudo-binary eutectic reaction of [L fi Mg + (Mg,Al) 2 Ca]. The eutectic point is located near Mg 81.6 Al 13.7 Ca 4.7 . [15] The eutectic reaction of (L fi Mg + Al 2 Ca) was not involved as initially desired.
B. Relationship between the Microstructure and Compressive Properties
For alloy 1(Mg87) with dominant Mg dendrites and interdendrite eutectic phase, deformation-induced dislocations preferentially propagate within the softer Mg dendrites. The actions of the dislocations in the dendrites contribute to the strain hardening and macroplasticity. The dendrites act as obstacles isolating the highly localized shear bands in the small discrete interdendrite regions. [11, 26, 27] The motion of dislocations is blocked by the interface between the dendrites and the eutectic layers, leading to strengthening. At high stresses with the continued increase of the applied force, microcracks initiate at some stress-concentration locations at the interface and propagate along the interface, as shown in Figures 8(a) and (b) .
With the decrease of Mg content, the volume fraction of the coupled eutectic phases increased, while the amount of primary Mg dendrites decreased. The irregular eutectic microstructure, the lamella consisting of zigzag bright (Mg,Al) 2 Ca intermetallic compound and the softer Mg solid solution, is itself a composite structure with multiple strengthening boundaries. Because of the fine lamella spacing, the eutectic microstructure provides high strength. Within the eutectic colonies, the Mg solid solution yields first upon loading to accommodate plasticity. The dislocations are impeded at the boundary between the Mg and the elastically deforming (Mg,Al) 2 Ca phase. The dislocation pileup at the boundaries can produce a stress concentration sufficient to cause the fracture or the decohesion of the zigzag (Mg,Al) 2 Ca lamella in the eutectic colony.
Accordingly, microcracks propagate in steps, over short distances, by shearing through the zigzag (Mg,Al) 2 Ca lamellas, one by one, eventually crossing the entire eutectic colony. As a result, the fracture surface is ''flat'' on a macroscopic level, but there are steps when the surface is examined at higher magnifications. This implies that the propagating crack periodically sheared over small distances within a eutectic colony. These multiple steps resulted in increased toughness and strength. As a result, for alloys 1 through 4, with the increase of the eutectic microstructure volume fraction, the fracture surfaces become gradually smooth and the fracture strength is increased correspondingly.
As for alloy 4(Mg79), the high strength is only partially attributed to the strong eutectic matrix because of its unique microstructure. Alloy 4(Mg79) is composed of (Mg,Al) 2 Ca particles surrounded by dark Mg dendrites dispersed in the ultrafine eutectic matrix. Internal boundaries often act as sources of dislocations and obstacles to dislocation motion. In addition to the multiple boundaries within the eutectic colonies, there are also (Mg,Al) 2 Ca particles/eutectic matrix boundaries, (Mg,Al) 2 Ca particles/Mg dendrites boundaries, and Mg dendrites/eutectic matrix boundaries.
With continued deformation to fracture, debonding eventually set in preferentially at the boundaries between the (Mg,Al) 2 Ca particles and the matrix. Also, cleavage fracture on certain crystallographic planes for (Mg,Al) 2 Ca particles occurred. The separated particles were then pulled out, leaving behind rectangle microvoids on the fracture surface, as shown in Figure 8 (c). Figure 9 demonstrates that microcracks were preferentially generated at the (Mg,Al) 2 Ca particles/eutectic matrix boundaries marked by the larger white arrow, while the boundaries between (Mg,Al) 2 Ca particles and Mg dendrites remained intact. Also, as illustrated in Figure 9 , the propagation of microcracks is constrained by the ductile Mg marked with the small white arrows. Hence, the unique microstructure of the hard (Mg,Al) 2 Ca particles surrounded by ductile Mg dendrites and embedded in the strong eutectic matrix for alloy 4(Mg79) contributes to the good combination of strength (600 MPa) and plasticity (5 pct).
Further increasing the volume fraction of (Mg,Al) 2 Ca particles, the percolation between the dispersions, as shown in Figure 4 (e), results in a reduction of the strength of alloy 5(Mg76). This indicates that the strength of the in-situ composites is strongly related to the volume fraction and morphology of the ''hard phase.'' It appears that the contribution to the strength from such a hard phase is weaker than that from the ultrafine eutectic structure.
Compared with several conventional typical Mg alloys, the specific fracture strength of the chill-cast alloy 4(Mg79) is much higher than those of conventional commercial Mg alloys such as AZ91D (Figure 10 ). They are, in fact, comparable with some Mg-based BMGs [6, 28] and ultrafine-grained or nanocrystalline Mg alloys. [2] Note that, unlike many other metallic materials, ultrafine microstructures are difficult to achieve for Mg alloys. Previous research made use of powder metallurgy, [2, 29] but Mg alloy powders are difficult to handle due to their reactivity. The grain structures of many metals and alloys can be easily refined via severe plastic deformation such as equal channel angular pressing (ECAP), [30, 31] but Mg alloys are relatively brittle such that they cannot survive multiple ECAP passes at low temperatures. Therefore, our approach offers a muchneeded viable route to process bulk samples in one-step casting. The resulting alloy containing refined eutectic microstructure offers not only good strength, but also appreciable plasticity at several compositions. Of course, a more fair comparison with other Mg alloys should be made for tensile properties, which in our case must await improvements in processing to get rid of casting pores that obscure intrinsic properties during tensile testing. These pores, sometimes visible in the center of the casting rod, presumably result from unoptimized injection velocity, a wide freezing temperature zone, and insufficient feeding capacity.
V. CONCLUSIONS
For the Mg x (Al 2 Ca) 100-x (76 £ x £ 87) alloy series in the Mg-rich corner of the ternary Mg-Al-Ca system, the phase selection and morphology in the solidified microstructure can be manipulated, including the formation of in-situ composites based on the strong ultrafine eutectic matrix. For the chill-cast alloys with the Mg content higher than 81 pct, Mg dendrites dispersed in the eutectic matrix. The decrease of the volume fraction of the primary Mg dendrites gradually increases the yield strength and fracture strength. For chill-cast Mg 79 Al 14 Ca 7 (x = 79) alloy, the matrix is composed predominantly of irregular eutectic microstructure, with (Mg,Al) 2 Ca particles surrounded by Mg dendrites, leading to the highest strength, r f = 600 MPa, among all the alloys studied. At Mg 76 Al 16 Ca 8 (x = 76), (Mg,Al) 2 Ca precipitates as the primary phase coexisting with the Mg dendrites, dispersed in the ultrafine eutectic matrix, with degraded strength. The plastic strain remains stable in the range of 5 to 6 pct for all alloys.
Our results demonstrate that an appropriate adjustment of alloy composition will afford us a unique microstructure consisting of hard particles surrounded by soft dendrites embedded in the refined eutectic matrix, which is different from previous composite microstructure with a single reinforcement phase dispersed in the strong matrix. The new microstructure provides an increased strength without reducing the plasticity. In particular, an interesting chill-cast Mg 79 Al 14 Ca 7 alloy (alloy 4) has been discovered: this lightweight alloy offers a desirable combination of high strength (r 0.2 = 363 MPa and r f = 600 MPa), strain hardening capability, and significant plasticity (5 pct). The microstructure achieved is not only a new addition to the repertoire of refined internal structures, but also contributes insight into the potential of microstructural control in Mg alloys, which are difficult to handle using other metallurgical processing routes that are currently being researched to drive toward ultrafine microstructures.
